Vertebrate myogenesis is regulated by signaling proteins secreted from surrounding tissues. One of the most important, Sonic hedgehog, has been proposed to regulate myogenic precursor cell survival, proliferation, and differentiation in a variety of vertebrates. In zebrafish, Hedgehog signaling is both necessary and sufficient for the development of embryonic slow muscle fibers-the earliest differentiating muscle fibers. Here we investigated the function of Hedgehog signaling in another zebrafish myogenic lineage, a dermomyotomal population of cells defined by somitic pax3/7 expression. We found that Hedgehog negatively regulates the number of myogenic precursors expressing pax3/7. Hh also positively regulates the growth of embryonic fast muscle. Unlike Hedgehog's function in regulating the elongation of fast muscle fibers, this regulation is not mediated by embryonic slow muscle fibers. Instead, it is a direct Hedgehog response, cell autonomous to myogenic precursors. The regulation of myogenic precursors and their differentiation into fast fibers have a different critical time period for Hh signaling, and different requirements for specific gli gene family members of Hh activated transcription factors from the earlier promotion of embryonic slow muscle fiber differentiation. We propose that Hedgehog signaling acts at multiple times on different lineages, through different downstream pathways, to promote myogenic differentiation.
Introduction
Vertebrate trunk and limb skeletal muscle develops from somites, repeated structures that segment from the paraxial mesoderm in a rostral to caudal progression during early embryogenesis. After their formation, somites undergo a series of cellular and morphological changes to generate the precursors for skeletal muscle, cartilage, axial skeleton, ribs, tendon, dermis, and vascular endothelia. In most vertebrates that have been studied, somites form as uniform epithelial balls. In amniotes, as somites mature, the ventro-medial part of the somite undergoes an epithelial to mesenchymal transition to form the sclerotome, precursors of axial skeleton and ribs. The dorso-lateral somite remains epithelial and forms the dermomyotome, which gives rise to the dermis, trunk, and limb muscles and mesodermal vascular endothelia (Brent et al., 2003; Christ and Ordahl, 1995; Huang and Christ, 2000) .
The dermomyotome contains mitotic myogenic precursors expressing transcription factors pax3 and pax7 (Amthor et al., 1999; Goulding et al., 1994; Williams and Ordahl, 1994) . At non-limb levels, myogenic precursors from the dermomyotome are specified into myoblasts. This involves the down-regulation of the pax3 and pax7 genes, and the up-regulation of myogenic transcription factors such as Myf5 and MyoD. Myoblasts disassociate from the dermomyotome and translocate into the myotome, the embryonic structure beneath the epithelial dermomyotome that gives rise to deep trunk and body wall muscle (Denetclaw et al., 1997; Gros et al., 2004; Kahane et al., 1998a,b; Kalcheim et al., 1999) . At limb levels, a subset of myogenic precursors in the ventro-lateral lip (VLL) migrate laterally to the limb bud, where they differentiate into limb muscles and vascular cells .
Zebrafish somite development shares many features with amniote somite development. The first wave of myogenesis also comes from a medial somite population, in teleosts called adaxial cells, and the sclerotome also derives from the ventral part of the somite . Adaxial cells are committed to the myogenic fate early and express myoD and myf5 while still in presomitic mesoderm (Hirsinger et al., 2004; Weinberg et al., 1996) . After somite formation, adaxial cells move radially away from the notochord and form a layer of embryonic slow muscle fibers (Blagden et al., 1997; Devoto et al., 1996; Roy et al., 2001) . The movement of adaxial cells may be driven by differential adhesion between adaxial cells and the initially more lateral fast muscle precursors (Cortes et al., 2003) . As these fast muscle precursors become medial to the slow muscle fibers, they begin to differentiate and elongate (Blagden et al., 1997; Henry and Amacher, 2004) . By the end of the segmentation period (24 h), a functional embryonic myotome has formed and been innervated.
After the embryonic period, there is tremendous muscle growth by hyperplasia, the increase in muscle fiber number, and hypertrophy, the increase in muscle fiber size. New muscle fibers are added in localized areas of the embryonic myotome, in a process known in teleosts as stratified hyperplasia (Rowlerson and Veggetti, 2001 ). In zebrafish, new slow fibers develop at the dorsal and ventral extremes of the embryonic myotome (Barresi et al., 2001) , and new fast fibers develop at the external surface of existing fast fibers (unpublished, D. Fernandez, SHD). As in amniotes, the continued growth of the myotome likely relies on a myogenic precursor cell type from the zebrafish dermomyotome (Devoto et al., 2006) . The zebrafish dermomyotome is a layer of cells expressing pax3 and pax7, external to the newly formed myotome (Devoto et al., 2006; Groves et al., 2005) . Some of these cells co-express Pax7 and Myogenin, indicating that they include myogenic precursors (Devoto et al., 2006) . By the end of the segmentation period, the dermomyotome has become a very thin layer of Pax7-positive cells on the external surface of the superficial slow muscle fibers (these cells were called "external cells" by Waterman, 1969) . The zebrafish dermomyotome resembles that of many other vertebrates, including the tetrapod Xenopus (Devoto et al., 2006; Grimaldi et al., 2004) .
Signaling molecules from tissues surrounding the somite regulate the balance between proliferation and myogenic differentiation that is necessary for proper development of the embryonic myotome and its growth between embryogenesis and adulthood (Amthor et al., 1999; Buckingham et al., 2003; Tajbakhsh, 2003; Te Kronnie and Reggiani, 2002) . These signals include Hedgehog (Hh) family proteins, secreted by the notochord and ventral spinal cord (Johnson et al., 1994) , Wnt family members secreted by the surface ectoderm (Munsterberg et al., 1995) , BMP family members secreted by the dorsal spinal cord, surface ectoderm, and lateral plate (Amthor et al., 1999; Lyons et al., 1995) , and the BMP antagonist Noggin secreted within the DML (McMahon et al., 1998) . How these various signaling proteins combine to regulate the development of muscle, dermis, cartilage, and other somitic derivatives is not fully understood.
Hh has been shown to promote myogenesis in both fish and amniotes. Hedgehog protein binds to a cell surface receptor, Patched, which in the absence of Hh blocks signaling by inhibiting another transmembrane protein, Smoothened. When Hh binds to Patched, it relieves the inhibition of Smoothened by Patched, leading to the activation of members of the Gli transcription factor family (for reviews, see Ingham and McMahon, 2001; Lum and Beachy, 2004) . Ectopic Hh protein triggers ectopic MyoD and/or Myf5 expression in chick (Borycki et al., 1998) , mouse (Borycki et al., 1999) , and zebrafish (Blagden et al., 1997; Du et al., 1997) . Mutations which disrupt Hh signaling in mouse or zebrafish lead to defects in myogenesis. Multiple cellular effects of Hh proteins have been described, including specification of cell identity Du et al., 1997) , cell proliferation (Duprez et al., 1998; Marcelle et al., 1999) , differentiation (Bren-Mattison and Olwin, 2002; Marcelle et al., 1999) , and cell survival (Cann et al., 1999; Kruger et al., 2001) . In zebrafish, Hh signaling cellautonomously determines the slow muscle fate of adaxial cells Hirsinger et al., 2004) , and is required for the development of Engrailed-expressing slow and Engrailedexpressing fast muscle fibers (Wolff et al., 2003) . The induction of multiple cell types by a single molecule has been proposed to be a result of differences in the dose of Hh and the time at which somite cells are exposed to Hh (Wolff et al., 2003) . Given the wealth of different effects of Hh on myogenic precursors, and the presence of other signaling molecules influencing cell specification, it has proven quite difficult to create a unifying model for the cellular basis of the effect of Hh on myogenesis. By acting at different times during development, Hh may affect several different populations of myogenic precursors, as has been proposed for the neural tube (Blaess et al., 2006; Cayuso et al., 2006) .
Here we show that in addition to its early role in inducing embryonic slow muscle identity in the most medial presomitic cells, Hh signaling has a later role in regulating the differentiation of the dermomyotome. We show that Hh signaling is not required for the initial establishment of the dermomyotome but is required for its differentiation into fast muscle fibers. In the absence of Hh signaling, the differentiation of fast muscle fibers is compromised. The effect of Hh on embryonic slow fibers and the effect of Hh on fast muscle fibers can be distinguished genetically and pharmacologically: slow muscle fibers require earlier Hh signaling and are completely absent in embryos containing mutations in the yot(gli2) gene, while fast myotome differentiation requires Hh signaling later and depends only partially on the yot(gli2) gene. We use genetic mosaics to demonstrate that the requirement for Hh signaling is cell-autonomous to the dermomyotome, and not mediated by other cells that respond to Hh signaling.
Materials and methods

Fish strains and embryos
Wild-type AB, slow-muscle-omitted (smu) alleles (smu b577 and smu b641 , Barresi et al., 2000) , you-too (yot ty119 , van Eeden et al., 1996) , and sonic-you (syu tbx392 , van Eeden et al., 1996) embryos were obtained from zebrafish (Danio rerio) lines maintained with standard procedures (Westerfield, 1995) . We obtained similar results with both smu(smo) alleles. Embryos were staged by counting somite numbers (Kimmel et al., 1995) . We exposed wild-type embryos in their chorions to 50 μM cyclopamine (Toronto Research Chemicals, C988400), at various times between shield stage and Prim-5 (24 h) stage, as described (Hirsinger et al., 2004) . We injected 1-2 cell stage embryos with in vitro synthesized shh mRNA as described .
Antibodies, immunocytochemistry, and in situ hybridization MF20 is an IgG2b monoclonal antibody that labels differentiated muscle fibers in all species that have been examined, obtained from Developmental Studies Hybridoma Bank (DSHB) (Bader et al., 1982) . Pax7 is an IgG1 monoclonal antibody specific for Pax7 in chicken, obtained from DSHB (Kawakami et al., 1997) . Pax7 and MF20 antibodies were used at 5 μg/ml. Rabbit antibody against human Prox1 was obtained from Chemicon, and used at a dilution of 1:1000 (Roy et al., 2001) .
For Pax7 labeling, Prim-5 (24 h) embryos were fixed in fresh 4%PF (less than a week old) for 2 h at room temperature or over night at 4°C. Fixed embryos were dehydrated with 100% methanol at − 20°C at least 30 min or stored for a long period of time at − 20°C. When ready to be processed, embryos were rehydrated with a series of methanol (75%, 50%, 25%), each for 5′ and rinsed with PBS-Tween 3 × 5′. Antibody labeling was carried out as previously described Devoto and Barnstable, 1989; Hernandez et al., 2005) . Secondary antibodies conjugated with Alexa 488, Alexa 547, and Alexa 647 (Molecular Probes, Eugene, Oregon) were used at a dilution of 1:800.
In situ hybridization was performed as described Jowett, 1997) , using probes for pax3 and pax7 (Seo et al., 1998) , and a fast muscle specific myosin heavy chain cloned in our lab from zebrafish genome sequences (accession number: AY333450; F. Chan, D. Fernandez, SHD, unpublished).
Transplantations
We transplanted cells as previously described . After transplantations, host embryos were fixed at 24 h, and immunolabeled as described above, while donor embryos were grown up to determine whether donor cells were wild type or mutant. Transplanted Pax7 + dermomyotomal cells and muscle fibers were counted under the confocal microscope, as described below.
Imaging and the quantification of Pax7 + myogenic precursors
Immunolabeled embryos were photographed using the Zeiss LSM510 confocal microscope. In situ hybridization images were taken on a Zeiss Axioplan compound microscope with Nomarski (DIC) optics. Monochromatic images of fluorescence were pseudo-colored for clarity. All image manipulations were done on the entire image, in Photoshop. The number of Pax7 + nuclei and transplanted cells were counted using the Zeiss LSM confocal microscopy software. Each image in a stack of optical sections from each embryo was used to sequentially inspect each optical section in isolation, to ensure that every cell and every nucleus were counted only once.
Results
Myogenic pax gene expression in the zebrafish dermomyotome
In amniotes, pax3 and pax7 genes are expressed in epithelial dermomyotome cells and down-regulated during their differentiation into muscle fibers (Amthor et al., 1999) . In zebrafish, pax3 expression begins in the paraxial mesoderm between the 5-and 10-somite stage. pax3 is not expressed in adaxial cells, but is found in the anterior portion of the first few somites and throughout the 3-4 recently formed epithelial somites (Fig. 1A , Seo et al., 1998) . As somites mature, pax3 expression becomes restricted to the anterior half of the somite (Fig. 1A) . pax7 expression begins about 2 h after the onset of pax3 expression (Figs. 1A, B), beginning as segmentally repeated stripes at the anterior border of each somite. The segmented expression pattern persists until the 19-somite stage. pax3 and pax7 are then dramatically down-regulated in an anterior to posterior direction, with only the 3-4 most recently formed somites continuing to show expression (Fig. 1C) .
We used antibody labeling to chart the number and position of dermomyotomal myogenic precursors present at the end of the segmentation period (24 h). At this time, Pax7 labels two types of cells on the surface of the myotome, migrating neural crest cells, and dermomyotomal cells (Seo et al., 1998) . Neural crest cells can be readily distinguished by their higher levels of Pax7 expression, they are also the only dorso-ventrally elongated, bean-shaped nuclei over the central portion of the somite ( Fig. 2A) . These brightly labeled cells only appear after neural crest begins to migrate (data not shown), and are selectively missing in neural crest mutants (Simon Hughes, personal communication). Pax7
+ somitic cells form a monolayer on the external surface of the myotome at the end of the segmentation period ( Fig. 2A , Devoto et al., 2006) ; these cells are part of the dermomyotome and do not express neural crest specific genes such as crestin (data not shown, Luo et al., 2001 ).
Hedgehog signaling negatively regulates the number of Pax7
+ myogenic precursors
We tested several components of the Hh signaling pathway for their involvement in the development or differentiation of pax3/7-positive dermomyotome cells. Smu (slow muscle omitted) encodes zebrafish Smoothened, which is required for all Hh signaling Varga et al., 2001) . Until the 19-somite stage, pax3 and pax7 expression is indistinguishable between wild type and smu(smo) mutants (Figs. 1A, B; data not shown). After the 19-somite stage, as wild-type embryos lose the segmented expression pattern, smu(smo) mutants maintain strongly segmented expression of both pax3 and pax7, this segmented expression pattern is maintained at least until the end of the segmentation period in smu(smo) −/− (Fig. 1C) . These results suggest that Hh signaling does not regulate the induction of pax3/7 expression, but instead affects the down-regulation of pax3/7 expression. Consistent with these in situ hybridization data, we see an elevated number of Pax7-positive dermomyotome cells in smu(smo) mutant embryos until at least 24 h. Many of the extra Pax7 + cells remain at the anterior border of each somite (Figs. 2B, C, G see also Figs. 3B, H).
Cyclopamine is a plant alkaloid that specifically binds Smoothened (Chen et al., 2002; Frank-Kamenetsky et al., 2002) , and blocks all known Hh signaling in zebrafish (Barresi et al., 2001 ). Cyclopamine-treated embryos closely resembled smu(smo) −/− embryos, with a large increase in the number of Pax7 + myogenic precursors in the anterior part of each somite (Fig. 2C ). This is reminiscent of the segmented expression pattern of pax3 and pax7 mRNA in smu(smo) −/− embryos (Fig. 1C) . Embryos mutant in sonic-you (syu), which encodes Sonic hedgehog, or you-too (yot), which encodes Gli2, also have more Pax7 + myogenic precursors (Figs. 2A, D, E, H), although the effects of mutations in these genes are not as dramatic as mutations in smu. Other homologues may provide sufficient Hh signaling for the regulation of these myogenic precursors. Overexpression of Shh by mRNA injection into the 1-2 cell stage embryo transforms the myotome into embryonic slow muscle fibers Du et al., 1997) , and dramatically reduces the number of Pax7 + myogenic precursors (Figs. 2F, H) . We conclude that Hh signaling negatively regulates the number of Pax7 + myogenic precursors that remain at the end of the segmentation period (24 h).
Hh signaling promotes myogenic differentiation
The increase in the number of pax3/7 myogenic precursors in the absence of Hh could be a result of a decrease in cell death, an increase in proliferation, or a decrease in differentiation. We examined cell death and did not observe a decrease in somitic cell death that correlated in time with the increase in the number of Pax7-positive myogenic precursors (data not shown). Hh promotes myogenic differentiation by inducing Myf5 and MyoD expression in myogenic precursors in mouse and chick (Amthor et al., 1999) . As myogenic gene expression is up-regulated, pax3/7 expression is down-regulated (Amthor et al., 1999; Borycki et al., 1999) . We surmised that the increase in the number of Pax7 + myogenic precursors in Hh deficient mutants reflected a decrease in muscle differentiation. All embryonic slow muscle fibers are derived from early differentiated adaxial cells, which do not express detectable levels of pax3 or pax7 (Fig. 1A) . Thus, if Pax7 + myogenic precursors undergo myogenic differentiation before the end of the segmentation stage, they must develop into fast muscle fibers. We tested whether fast muscle differentiation is dependent on Hh signaling by examining the developmental Fig. 1 . Hedgehog signaling down-regulates pax3/7 expression after the 19-somite stage. A clutch of smu +/− embryos was hybridized with pax3 or pax7 probes during early embryonic stages. (A) Dorsal view of embryos at 10S and 14S stages. At the 10S stage, myoD and myf5 are expressed in adaxial cells (arrows) and the posterior part of newly formed somites. Neither pax3 nor pax7 is expressed in adaxial cells (arrows). pax3 is expressed initially throughout the non-adaxial portion of the somite; pax3 is also expressed in the neural folds (n). pax7 is not expressed in the somites. At the 14S stage, pax7 is expressed in the anterior part of somites, at this stage the somitic expression of pax3 is very similar but has much higher expression in neural tissue. (B) Lateral view of embryos at 17S stage, the expression of pax3 and pax7 continues to be strongest in the anterior part of somites, and is indistinguishable between wild-type and smu mutant embryos. (C) After the 19-somite stage, pax3 expression is down-regulated in wild-type embryos, while the segmented expression of pax3 is maintained in embryos mutant for smu(smo), at least until the end of segmentation stage (30S). pax7 expression is also down-regulated during this period in wild-type embryos, while the segmented expression of pax7 is maintained at high levels in embryos mutant for smu(smo). Scale bar = 100 μm.
expression of a fast muscle specific Myosin Heavy Chain (MyHC f ) gene in wild-type and smu(smo) mutant embryos. We found that the fast myotome, marked by MyHC f expression, extended the full length of the somite by 19S in wild-type embryos (Fig. 3D) . In contrast, smu(smo) mutant embryos had a smaller fast myotome that did not span the full length of the somite. The gaps between MyHC f -positive cells of adjacent myotomes appeared to be at the anterior of each somite, in the same position as the maintained pax3/7 expression in smu (smo) mutants (Figs. 1C, 3B , E). We confirmed this by examining a thin optical slice of double labeling for Pax7 and MyHC (MF20; Fig. 2G ). The presence of substantial numbers of myogenic precursors between differentiating myotomes resembles the situation in amniotes, where large numbers of myogenic precursors are found between myotomes, at the rostral and caudal lips of the dermomyotome (cf. Denetclaw et al., 1997) .
The effect of Hh signaling on Pax7 down-regulation in myogenic precursors is independent of its effect on embryonic slow fibers Down-regulation of the pax3/7 segmental expression begins at about the 16-somite stage in the 8-10 anterior most somites; this is approximately the same time as embryonic slow muscle cells become displaced from the medial to the superficial surface of the somite (Fig. 1, Blagden et al., 1997; Devoto et al., 1996) . Embryonic fast muscle fiber elongation also correlates with the timing of slow muscle migration (Cortes et al., 2003) . In smu(smo) mutant embryos, fast muscle fiber elongation is dramatically delayed, suggesting that Hh signaling is required for the proper timing of fast muscle morphogenesis (Henry and Amacher, 2004) . The requirement for Hh in fast fiber elongation is mediated by its effect on slow muscle fibers, as transplantation of a few slow muscle fibers into a smu(smo) mutant somite can rescue the proper timing of fast fiber elongation (Henry and Amacher, 2004) . We wished to test whether slow muscle fibers also mediate the effect of Hh on fast muscle differentiation-The down-regulation of pax3 and pax7, and the up-regulation of MyHC f . To do this, we compared the phenotypes of pax3/7 + myogenic precursors in smu(smo) and yot(gli2) mutants. Even though embryos mutant in smu (smo) and yot(gli2) cannot be distinguished by the number of embryonic slow muscle fibers (neither has any), yot(gli2) mutants differ from the smu(smo) mutant in multiple ways in the dermomyotome. For instance, compared to smu(smo) mutants or cyclopamine-treated embryos, yot(gli2) mutants have fewer Pax7 + myogenic precursors (Figs. 2B, C, E, H), less pax3 expression (Figs. 3B, C, H, I ), and fast myosin expression more completely spans the somite (Figs. 3D-F, J-L) . These varying phenotypes in embryos lacking slow muscle fibers suggest that the effect of a loss of Hh signaling on myogenic precursor differentiation is not mediated solely by embryonic slow muscle fibers.
We created genetic mosaics, with wild-type slow muscle fibers in a smu(smo) −/− host, to test if embryonic slow muscle fibers are sufficient to regulate the number of Pax7 + myogenic precursors (Fig. 4) . We identified the transplanted slow muscle fibers by the overlapping staining of injected dye from the donor cells and expression of the slow muscle nuclear marker Prox1 (Roy et al., 2001) (Fig. 4A) . We found that the number of Pax7 + nuclei in smu(smo) −/− somites was unaffected by the presence of transplanted wild-type slow muscle fibers (∼ 60 Pax7 + nuclei/somite) and far more than the number in wild-type embryos (∼ 30 Pax7 + nuclei/somite) (Figs. 4B, C, 2H). Thus, wild-type embryonic slow muscle cells are not sufficient to rescue the Pax7 phenotype of otherwise smu (smo) −/− somite cells. The requirement for Hh signaling in regulating the number of myogenic precursors cannot be substituted for by the presence of isolated slow muscle fibers. 
Hh is required at two separate times for myogenesis
The requirement for Hh signaling in Pax7 expressing cells can also be distinguished from the requirement for Hh signaling in embryonic slow muscle precursors by the time when cells become resistant to the effects of cyclopamine. We treated wild-type embryos with 50 μM cyclopamine from the 8-somite stage to the 24-h stage. This treatment paradigm has minimal effect on the differentiation of embryonic slow muscle fibers in the anterior somites, as adaxial cells are already committed to a slow muscle fate. More posterior somites show a loss of slow muscle fibers (Hirsinger et al., 2004) . In these same embryos, the number of Pax7 + cells was also affected in posterior somites, but not in anterior somites. However, the timing of the requirement for Hh signaling was different for Pax7 than it was for slow muscle fibers. In agreement with previous results (Hirsinger et al., 2004) , cells were committed to the slow muscle fate no later than 4-5 h prior to becoming incorporated into a somite (the most anterior affected somite following treatment at the 8-somite stage was somite 16). In contrast, the Pax7 phenotype was resistant to cyclopamine no earlier than 2 h prior to becoming incorporated into a somite (following treatment at the 8-somite stage, somite 12 has an excess of Pax7 + cells). Thus, somite 14 has the same overabundance of Pax7 + myogenic precursors as in smu (smo) mutants, despite the fact that this somite has a nearly complete set of slow muscle fibers (Fig. 5 ). Treatment at earlier or later times showed a similar difference in the time of sensitivity to cyclopamine-Pax7 expression but not slow muscle fibers in earlier formed (anterior) somites were sensitive to cyclopamine treatment. In other words, slow fibers become cyclopamine-resistant prior to Pax7 + cells. However, the time of commitment relative to somite formation was a little later in the most anterior somites. As with other measures of trunk maturation, anterior somite Pax7 expression became cyclopamine-resistant later, relative to segmentation, than posterior somite Pax7 expression.
The differential timing of the Hh signaling requirement in Pax7 + cells and embryonic slow muscle fibers confirms that Hh regulation of the number of pax7 + myogenic precursors is not mediated solely through its action in forming embryonic slow muscle fibers. We suspect that the down-regulation of Pax7 in myogenic precursors is a direct response to Hh signaling.
Hh signaling acts directly on myogenic precursors to regulate Pax7 expression
The above results leave open the possibility that the effect of Hh on Pax7 expression is mediated by an Hh-responsive cell type other than embryonic slow muscle fibers. We reasoned that if the effect of Hh on pax7 expression is cell-autonomous to myogenic precursors, cells incapable of responding to Hh would be more likely to remain Pax7-positive than cells that are capable of responding to Hh, when placed in an environment of Hh-responsive cells. In contrast, if the effect of Hh on Pax7 expression is mediated by another tissue, then Hh-unresponsive cells would behave the same as Hh-responsive cells, as long as their surrounding cells could respond to Hh. Therefore, we created mosaics by transplanting either wild-type or Hh unresponsive smu(smo) −/− cells into wild-type embryos, and determined the proportion of donor cells expressing Pax7. As we expected, transplanted donor cells gave rise to both muscle fibers and undifferentiated Pax7 + myogenic precursors by the end of the segmentation stage (Figs. 6A-F) . However, the proportion of cells that maintained Pax7 expression was different depending on whether the donor cells could respond to Hh. smu(smo) −/− cells transplanted into wild-type embryos were significantly more likely to retain Pax7 expression at 24 h (Figs. 6A-C) than wild-type cells transplanted into wild-type embryos (Figs. 6D-F, Table 1 ; chi-square test: p ≤ 0.001). We conclude that the effect of Hh on the number of Pax7 expressing cells is a direct effect, and not mediated by another signal released by surrounding cells.
Discussion
We have demonstrated that Hh signaling promotes the differentiation of myogenic precursors from the zebrafish dermomyotome. Without Hh signaling, dermomyotome cells do not efficiently differentiate into fast muscle fibers, and instead continue to express high levels of pax3 and pax7 and remain in the anterior portion of each somite. We further demonstrated that the regulation of Hh is not mediated by its effects on embryonic slow muscle fibers, but that Hh acts directly on dermomyotome cells.
Myogenic pax3 gene expression and the zebrafish dermomyotome
Pax3 is expressed in the dermomyotome of birds and mammals, and in mouse is required for myogenesis (Tajbakhsh et al., 1997) . Pax7 is also expressed in the dermomyotome and is required for the normal development of myogenic precursor cells underlying postnatal growth and injury repair (Relaix et al., 2005) . Here we show that, as in amniotes (and for pax3 amphibians, Grimaldi et al., 2004) , pax3 and pax7 are expressed in a group of lateral somitic cells in zebrafish (Fig.  1 , also seen in Devoto et al., 2006; Groves et al., 2005; Seo et al., 1998) . As in amniotes, pax7 is turned on later than pax3 (Otto et al., 2006) . As in amniotes, mesodermal pax3 and pax7 expression is down-regulated during somite patterning, and at the end of segmentation persists only in somite cells external to the myotome (Fig. 1 , Devoto et al., 2006) . We suggest that pax3/7 expression in the zebrafish somite also defines the zebrafish dermomyotome, which gives rise to fast muscle during the segmentation stage. We suspect that the zebrafish dermomyotome, like that of amniotes, also includes precursors to both fast and slow fibers that are added after the segmentation stage.
Hh signaling acts at multiple times to promote myogenic differentiation
Hh signaling acts at least twice during somite patterning to induce myogenic differentiation. These two effects of Hh can be distinguished in at least three significant ways. First, Hh acts on distinct target cells early than it does later. Early Hh signaling triggers differentiation of embryonic slow muscle fibers from a population of cells adjacent to the notochord (adaxial cells), that do not ever express detectable pax3/7 (Blagden et al., 1997; Du et al., 1997; Seo et al., 1998) . Later Hh signaling acts on nonadaxial somitic cells that likely do express pax3, promoting their ultimate differentiation into fast muscle fibers, probably in cooperation with other secreted signaling molecules. Second, the time when Hh signaling is required in each cell type can be experimentally separated. For embryonic slow muscle fibers, Hh signaling is only required very early in paraxial mesoderm maturation, at about the time that cells enter the segmental plate (Hirsinger et al., 2004) . For regulation of the dermomyotome and Pax7 expression, Hh signaling is required considerably later, close to the time of somite formation. Third, the requirements for downstream gli genes in these two separate populations differ. While both groups of cells require Hh signaling mediated by smu(smo), Pax7 expressing cells are not as severely affected as embryonic slow muscle fibers in yot (gli2) mutants. The yot(gli2) mutations encode a dominant repressor version of Gli2, which has been shown to block both Gli2 and Gli1 function (Karlstrom et al., 2003) . The Pax7 expressing cells may not express the gli2 gene (and thus would not express the dominant repressor), they may express gli3 , which may not be as completely repressed by the yot(gli2) mutations (Karlstrom et al., 2003; Vanderlaan et al., 2005) , or residual Gli activity remaining in yot(gli2) mutants may be sufficient for the later population of myogenic precursors, but insufficient for embryonic slow muscle development. In amniotes, gli genes are differentially expressed in the somite, and play overlapping but distinct roles in the development of the dermomyotome (Borycki et al., 2000; McDermott et al., 2005) .
Hedgehog secreted from midline structures could act on all cells in the zebrafish somite. The ptc2 Hh receptor gene is Hh responsive and expressed throughout the somite (Lewis et al., 1999) . In the chick neural tube, Hh has been demonstrated to diffuse more than 200 μm (Briscoe et al., 2001; Gritli-Linde et al., 2001) , the zebrafish somite is no more than 50 μm wide at 24 h. However, we suspect that Hh is not acting on the precursors to fast fibers while those cells are at the periphery of the myotome. The earliest pax3 expression is in most nonadaxial cells, and the earliest pax7 expression is in the anterior, non-adaxial cells (Fig. 1A) . The Pax7 + cells or their precursors are sensitive to cyclopamine at about the time of segmentation (Fig. 5) , which is prior to the displacement of embryonic slow fibers precursors (adaxial cells) away from the notochord. This model is consistent with the results of Wolff et al. (2003) , who demonstrated that Hh acts at multiple times to regulate the expression of engrailed, first in embryonic slow fibers, and then in fast fibers. Every donor-derived somite cell was tested for Pax7 expression using antibody labeling (e.g. Fig. 6 ). The number of Pax7-positive cells and the number of elongated muscle fibers are shown. The difference between wt and smu −/− donor cells is significant (chi-square, p ≤ 0.001). wt: wild type. wt ± : includes both smu(smo) +/− and smu(smo) +/+ embryos. a Proportion of total donor-derived somite cells which were Pax7 positive. b Pax7-positive myogenic precursor cells on the external surface of the somite, excludes neural crest cells. These are labeled with arrowheads in Fig. 6 . c Elongated cells within the somite, these are asterisked in Fig. 6 . This is a conservative estimate of the number of nuclei, each fast fiber likely contains 2-4 nuclei at this stage (Kimmel and Warga, 1987) .
Amniotes also have multiple, distinguishable waves of myogenic differentiation, but it is not yet clear whether Hh signaling is involved in one or more of them . Myogenic regulatory factors are expressed prior to the establishment of a morphological dermomyotome (Pownall and Emerson, 1992) . These cells are the likely precursors to early, post-mitotic slow muscle fibers with large nuclei (Cinnamon et al., 2006; Kahane et al., 1998b; Kahane and Kalcheim, 1998) . This primary myotome then grows with the addition of new myotomal cells derived from the dermomyotome (Ordahl et al., 2000) . Ectopic Shh applied to the dermomyotome leads to the up-regulation of myoD and down-regulation of pax3, which results in premature differentiation of myogenic precursors (Amthor et al., 1999) . Ectopic Shh applied to myoblasts in vitro or to limb buds in vivo promotes myogenic differentiation, with a preferential effect on slow muscle differentiation and survival (Cann et al., 1999; Li et al., 2004) . Loss of Hh leads to increased expression of pax3 and reduced expression of myf5 (Borycki et al., 1999) . These effects of Hh in amniotes are thus more likely to be analogous to the second action of Hh in zebrafish, on pax3/7 expressing dermomyotome cells. Whether there is also a separate, earlier effect of Hh on the embryonic myotome in amniotes has not been directly tested.
Hh acts directly on dermomyotome cells
Hh signaling regulates the differentiation of a number of different tissues in the trunk, including the dorsal aorta (Lawson and Weinstein, 2002) , motor neurons (Lupo et al., 2006) , and sclerotome (Dockter, 2000) in all studied vertebrates, and embryonic slow muscle fibers in zebrafish (Blagden et al., 1997; Du et al., 1997) . Embryonic slow muscle fibers have been shown to regulate fast muscle fiber elongation in a Hh independent manner (Henry and Amacher, 2004) . In amniotes, there is no unequivocal, direct evidence that Hh acts directly on the dermomyotome, and not via another tissue such as motor neurons or the dorsal aorta. The myf5 promoter contains Gli binding sites that can respond to Hh signaling (Gustafsson et al., 2002) , but it is not clear if this Hh response element is necessary for normal myf5 regulation . Hh-soaked beads in the embryo and soluble Hh in tissue culture can trigger myogenesis (Amthor et al., 1999; Cann et al., 1999) , but this ectopic Hh but may be acting at non-physiological concentrations and/or may be exerting some of its effects via nondermomyotome cells. Thus, it was important to determine if slow fibers or any of the other Hh dependent cell types were responsible for the effect of Hh signaling on dermomyotome pax3/7 expression.
Embryonic slow muscle fibers are unlikely to play a major role in the regulation of the number of Pax7-positive cells. First, yot(gli2) mutants have a much smaller increase in the number of Pax7 cells than smu(smo) mutant embryos, even though both have a complete loss of slow muscle fibers. Second, blocking Hh signaling after slow muscle fibers were induced still triggered a large increase in the number of Pax7 cells. Third, we showed that wild-type cells were less likely than smu(smo) mutant cells to remain as Pax7-positive, undifferentiated cells when placed into a wild-type host somite (Fig. 6 and Table 1) . These results strongly suggest that the regulation of Pax7 + myogenic precursors is a direct effect of Hh and not mediated by other cell types. Transplantation of a few wild-type slow muscle fibers into an otherwise Hh unresponsive host somite was unable to rescue the Pax7 phenotype (Fig. 4) . We did not test whether host muscle fiber elongation was rescued in these embryos. If elongation is rescued (Henry and Amacher, 2004) , this would suggest that the excess Pax7 + cells do not block elongation, and suggest that Hh has both direct and indirect effects on fast muscle differentiation.
Hedgehog as a regulator of proliferation and differentiation
The pax3 and pax7 genes are expressed in proliferative dermomyotome cells and then down-regulated as myogenic differentiation proceeds (Otto et al., 2006; Williams and Ordahl, 1994) . The balance between proliferation and differentiation of dermomyotome cells may be regulated by Hh signaling (Amthor et al., 1999) . Adaxial cells absolutely require Hh signaling to differentiate into embryonic slow muscle fibers . However, we suspect that the Pax7 + cells become muscles even without any Hh signaling, but do so less efficiently, because they might be delayed in exiting the cell cycle and/or in terminal differentiation. The increase in the number of Pax7 + cells would then be a result of the prolonged expression in the dermomyotome, not the appearance of a novel population of Pax7 + cells. Excess Pax7 + cells do not undergo apoptosis later (data not shown), suggesting that they differentiate. The increase in the number of Pax7 + cells also could be explained by the expression of Pax7 in a group of cells that normally do not express Pax7, such as the slow muscle precursors. We think this is unlikely because of the lack of correlation between the loss of slow muscle and the gain of Pax7 + cells. Moreover, in the absence of Hh signaling, we have not observed Pax7 expression in the position where slow muscle fibers would normally develop, nor in the residual Prox1 + nuclei remaining following late cyclopamine treatment (Fig. 6 ). There may be redundant mechanisms within every dermomyotome cell for myogenic differentiation, perhaps involving the appearance of other signals that can promote myogenic differentiation independently of Hh, or involving the disappearance of other signals that inhibit myogenic differentiation. Fgf8 was recently shown to promote fast muscle myogenesis (Groves et al., 2005) ; it will be important to learn whether Hh and Fgf8 are acting on the same or on different fast muscle precursors. We are currently testing whether other signaling pathways are also involved in the regulation of the dermomyotome in zebrafish. Lineage labeling of the zebrafish somite may indicate whether there are multiple, independent populations of myogenic precursors.
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